4-N,N-dimethylamino-4 -N -methyl-stilbazolium tosylate (DAST) organic single crystals controlled by (Z)-Octadec-9-enoic acid (oleic acid, OA) was grown by a slow-cooling method. The as-grown DAST single crystals were systematically characterized by FTIR, X-ray diffraction, second harmonic generation, and UV-vis spectroscopy. Results indicate that addition of OA into the DAST solutions leads to the controlled growth of DAST single crystals and consequently, the crystal quality and optical properties can be modified. Particularly, the DAST crystals grown under the control of OA exhibit larger sizes, higher crystallinities, and better optical qualities with higher optical band gaps and lower defect density, compared with those grown in the absence of OA. These results are helpful for better understanding the controlled growth of DAST organic single crystals and modifying their properties for practical applications.
Introduction
4-N,N-dimethylamino-4 -N -methyl-stilbazolium tosylate (DAST) organic single crystals have attracted considerable attention, owing to their large nonlinear optical (NLO) susceptibility, high electro-optical (EO) coefficient, and low dielectric constant [1, 2] . Wide applications of DAST crystals include optical frequency conversion and information processing, terahertz (THz) wave generation and detection, and light-matter coupling [3] [4] [5] [6] , etc. For the practical applications, DAST single crystals with a large size, high crystallinity, and low defect density are generally required, by which higher NLO and EO properties can be achieved [7, 8] . Conversely, a high defect density will cause negative effects on the interactions between the anions and cations of DAST as well as the ordered arrangement of the DAST molecules, thus leading to the decrease of the second-order nonlinear optical coefficient of DAST, and observation of weakened NLO properties, such as second harmonic generation (SHG) and optical rectification. Similarly, the refractive index of the DAST crystals representing the EO properties will also be negatively affected by the defects. Moreover, high defect density will induce higher drift current, thus reducing the breakdown voltage, and affecting the insulation performance of organic DAST. Therefore, DAST single crystals with a large size and low defect density is highly attractive for both academic research and the industry. Unfortunately, the growth of bulk DAST single crystals with a large size and high optical quality has remained a challenge [9, 10] . In the past decades, many methods for the growth of desirable DAST single crystals have been reported. For example, Hameed and co-workers added sodium 4-methylbenzenesulfonate (NaTS) into the DAST solution, thus yielding large and NaTS-doped DAST crystals by a slow-cooling method [11, 12] . In contrast, Hao et al. reported that an appropriate amount of 4-Methylbenzenesulfonic acid (PTSA) additives can improve the stability of the growth solution, where the crystal structure and functional groups of DAST remain unchanged [13] . Recently, Thomas and co-workers described a method by adding (Z)-Octadec-9-enoic acid (oleic acid, OA) into the DAST solution, thus producing the DAST crystals with less hygroscopicity by a solvent evaporation method [14] . However, this previous work mainly focused on the nucleation and morphology of the resulting DAST crystals [14] . The optical properties and quality of the as-grown DAST crystals still remain unclear to date.
In this work, DAST single crystals were grown with and without the control of the OA by a slow-cooling method. Particularly, we paid special attention to the effects of OA additives on the optical properties and quality of the as-grown DAST single crystals, which have been systematically investigated in this work by Fourier infrared spectroscopy (PE Spectrum 400, PerkinElmer Inco., Waltham, MA, USA), X-ray diffraction (XRD, X'Pert Pro MPD, Malvern Panalytical Ltd., Almelo, The Netherlands), UV-vis spectroscopy (UV-1700, SHIMADZU Co., Kyoto, Japan), and SHG measurements, respectively. The SHG measurements was carried out from a Ti:sapphire femtosecond pulse laser with 76 MHz pulse rate.
Experimental Details
All chemicals, used with analytical grade and without purification, were purchased from Cologne chemical Co., Ltd. (Chengdu, China). The process for the synthesis and purification of DAST has been described elsewhere [15] . Based on the as-synthesized DAST, the DAST single crystals were further grown with and without the control of OA by the slow-cooling method under the same conditions. For the growth without the OA control, an excess amount of DAST powders (8.5 mmol, 3.5 g) were dissolved in methanol (100 mL). In contrast, for the growth under the control of the OA, the saturated solution was prepared by dissolving an equimolar ratio of DAST (8.5 mmol, 3.5 g) and OA (8.5 mmol, 2.4 g) into the same volume (100 mL) of methanol. Both solutions were prepared and transferred to separate beakers, each with a Teflon plate, both of which were kept at 55 • C for two days to achieve the homogeneity. Then, the saturated solutions were cooled from 55 to 45 • C, where nucleation did not occur. Subsequently, the solutions were cooled down from 45 to 43 • C with a cooling rate of 0.5 • C/day. Tiny crystals were observed in the solution at 43 • C, and then the temperature was kept for one day. Furthermore, the solutions were cooled down from 43 to 39 • C with a cooling rate of 0.3 • C/day. Finally, the solution was cooled down from 39 to 27 • C with a cooling rate of 1 • C/day, by which DAST single crystals were yielded. The growths of DAST single crystals with and without the OA control were carried out under the same conditions for 30 days.
Results and Discussion
The molecular structures of DAST and the OA additive are shown schematically in Figure 1a ,b, respectively. As a comparison, Figure 2 shows the photographs of the largest DAST single crystals grown with and without the OA control. One can see that without the OA control, a crystal with a size of 5.8 × 5.5 × 0.9 mm 3 was yielded (Figure 2a ), where the growth rates along the aand b-axes are almost the same, but the growth rate along the c-axis is relatively slow. In contrast, the largest DAST crystal grown under the control of the OA over the same time has a relatively larger size of 11 × 8 × 1.2 mm 3 , as shown in Figure 2b . It is worth noting that compared with the typical DAST crystal grown without the OA control (Figure 2a ), the morphology of the DAST crystal grown under the control of the OA is of an irregular hexagonal shape rather than a square platelet, but both crystals have the same crystal plane of (001) as the largest area. We note that the morphologies of the DAST single crystals grown under the control of the OA by the slow-cooling method as in this work are similar with those previously grown by the solvent evaporation method [14] . For the growth of DAST crystal under the control of the OA, the (010) face of DAST emerges since the oxygen atoms are exposed to the solution and OA for the (010) face, thus causing the formation of hydrogen bonds between the hydroxyl group of OA and the oxygen of DAST anions [14] . Interestingly, the OA addition inhibits the complete growth of the (010) face of DAST [14] , and consequently, the crystal with an irregular hexagonal shape is observed in this case. As a result, the growth rate along the b-axis was inhibited, thus leading to the growth rate being slower along the b-axis than that along the a-axis in the OA case. Moreover, Figure 2 reveals that both growth rates along the aand b-axis are higher in the crystal grown under the control of the OA than those in the crystal grown without the OA control. It is worth noting that the sizes of both DAST single crystals grown with (11 × 8 × 1.2 mm 3 ) and without (5.8 × 5.5 × 0.9 mm 3 ) the control of the OA by the slow-cooling method as in this work are significantly larger than those (6 × 3 × 1 mm 3 and 3 × 1.5 × 0.5 mm 3 , respectively) previously grown by the solvent evaporation method [14] . DAST crystal under the control of the OA, the (010) face of DAST emerges since the oxygen atoms are exposed to the solution and OA for the (010) face, thus causing the formation of hydrogen bonds between the hydroxyl group of OA and the oxygen of DAST anions [14] . Interestingly, the OA addition inhibits the complete growth of the (010) face of DAST [14] , and consequently, the crystal with an irregular hexagonal shape is observed in this case. As a result, the growth rate along the b-axis was inhibited, thus leading to the growth rate being slower along the b-axis than that along the a-axis in the OA case. Moreover, Figure 2 reveals that both growth rates along the a-and b-axis are higher in the crystal grown under the control of the OA than those in the crystal grown without the OA control. It is worth noting that the sizes of both DAST single crystals grown with (11 × 8 × 1.2 mm 3 ) and without (5.8 × 5.5 × 0.9 mm 3 ) the control of the OA by the slow-cooling method as in this work are significantly larger than those (6 × 3 × 1 mm 3 and 3 × 1.5 × 0.5 mm 3 , respectively) previously grown by the solvent evaporation method [14] . The characterization of the products by mid-infrared (MIR) spectroscopy provides further chemical information. The typical MIR spectra in the wavenumber range of 4000−400 cm −1 for the DAST crystals grown with and without the OA control are shown in Figure 3 . The characteristic MIR peaks in these spectra are assigned as: aromatic C-H stretching mode at 3033 cm −1 , C=C stretching mode of vibrations at 1642 cm −1 , aromatic ring vibrations at 1580 and 1527 cm −1 , CH3 bending absorption mode and C-N stretching mode at 1373 cm −1 , SO3 − symmetric stretching vibration at 1171 cm −1 , 1,4-distribution in the aromatic ring at 820 cm −1 . The absorptions in the wavenumber range from 500 to 1000 cm −1 are attributed to the substituent group of the aromatic ring vibrations [16, 17] . It is clear that the DAST crystal grown under the control of the OA exhibits similar IR features like that of the DAST crystal grown without the OA control ( Figure 3 ), both of which are in accordance with those previously reported about DAST single crystals [18] . This indicates that both DAST crystals DAST crystal under the control of the OA, the (010) face of DAST emerges since the oxygen atoms are exposed to the solution and OA for the (010) face, thus causing the formation of hydrogen bonds between the hydroxyl group of OA and the oxygen of DAST anions [14] . Interestingly, the OA addition inhibits the complete growth of the (010) face of DAST [14] , and consequently, the crystal with an irregular hexagonal shape is observed in this case. As a result, the growth rate along the b-axis was inhibited, thus leading to the growth rate being slower along the b-axis than that along the a-axis in the OA case. Moreover, Figure 2 reveals that both growth rates along the a-and b-axis are higher in the crystal grown under the control of the OA than those in the crystal grown without the OA control. It is worth noting that the sizes of both DAST single crystals grown with (11 × 8 × 1.2 mm 3 ) and without (5.8 × 5.5 × 0.9 mm 3 ) the control of the OA by the slow-cooling method as in this work are significantly larger than those (6 × 3 × 1 mm 3 and 3 × 1.5 × 0.5 mm 3 , respectively) previously grown by the solvent evaporation method [14] . The characterization of the products by mid-infrared (MIR) spectroscopy provides further chemical information. The typical MIR spectra in the wavenumber range of 4000−400 cm −1 for the DAST crystals grown with and without the OA control are shown in Figure 3 . The characteristic MIR peaks in these spectra are assigned as: aromatic C-H stretching mode at 3033 cm −1 , C=C stretching mode of vibrations at 1642 cm −1 , aromatic ring vibrations at 1580 and 1527 cm −1 , CH3 bending absorption mode and C-N stretching mode at 1373 cm −1 , SO3 − symmetric stretching vibration at 1171 cm −1 , 1,4-distribution in the aromatic ring at 820 cm −1 . The absorptions in the wavenumber range from 500 to 1000 cm −1 are attributed to the substituent group of the aromatic ring vibrations [16, 17] . It is clear that the DAST crystal grown under the control of the OA exhibits similar IR features like that of the DAST crystal grown without the OA control ( Figure 3) , both of which are in accordance with those previously reported about DAST single crystals [18] . This indicates that both DAST crystals The characterization of the products by mid-infrared (MIR) spectroscopy provides further chemical information. The typical MIR spectra in the wavenumber range of 4000−400 cm −1 for the DAST crystals grown with and without the OA control are shown in Figure 3 . The characteristic MIR peaks in these spectra are assigned as: aromatic C-H stretching mode at 3033 cm −1 , C=C stretching mode of vibrations at 1642 cm −1 , aromatic ring vibrations at 1580 and 1527 cm −1 , CH 3 bending absorption mode and C-N stretching mode at 1373 cm −1 , SO 3 − symmetric stretching vibration at 1171 cm −1 , 1,4-distribution in the aromatic ring at 820 cm −1 . The absorptions in the wavenumber range from 500 to 1000 cm −1 are attributed to the substituent group of the aromatic ring vibrations [16, 17] . It is clear that the DAST crystal grown under the control of the OA exhibits similar IR features like that of the DAST crystal grown without the OA control ( Figure 3 ), both of which are in accordance with those previously reported about DAST single crystals [18] . This indicates that both DAST crystals grown with and without the OA control have the same chemical structures. In other words, the OA additive has not been significantly incorporated into the as-grown DAST single crystals.
Crystals 2019, 9, x FOR PEER 4 of 8 grown with and without the OA control have the same chemical structures. In other words, the OA additive has not been significantly incorporated into the as-grown DAST single crystals. The X-ray diffraction (XRD) spectra of the DAST crystals grown with and without the OA control are shown in Figure 4 . Both major peaks were detected at 10°, 20°, 30°, and 40°, corresponding to the (002), (004), (006), and (008) planes of the DAST with the monoclinic space group Cc [11, 14, 15] . No additional peaks are observed in the range of 5−50°, verifying that OA neither changes the monoclinic crystal structure of the DAST nor induces polymorphism. Moreover, their narrow full widths at half maximum (FWHM) and strong intensities are indicative of excellent crystallinity [19] . The values of FWHM can be further utilized to calculate the average grain sizes through the Scherrer equation [20] , by which both sizes for the DAST single crystals grown with and without the OA control were estimated to be similarly about 90 nm. It should be noted that the peak intensities of the DAST grown under the control of the OA at (002), (004), (006), and (008) face are 3.45, 1.76, 2.03, and 2.28 times greater than those of the DAST grown without the OA control, respectively (Figure 4 ). This suggests that the existence of OA during the growth progress improves the crystallinity of the DAST single crystals. A femtosecond pulse laser was launched into the DAST crystals grown with and without the OA control, and the resulting SHG signals were collected using a microscope and detected by a spectrometer (SP 2500i, Teledyne Acton Optics, Acton, MA, USA). The related results in Figure 5 show that strong SHG signals have been measured from both the DAST crystals, and importantly, the optical nonlinearity of the DAST crystal grown under the control of the OA is similar with that conventionally grown without the OA, consistent with the crystallography observation from the XRD measurements (Figure 4) . The X-ray diffraction (XRD) spectra of the DAST crystals grown with and without the OA control are shown in Figure 4 . Both major peaks were detected at 10 • , 20 • , 30 • , and 40 • , corresponding to the (002), (004), (006), and (008) planes of the DAST with the monoclinic space group Cc [11, 14, 15] . No additional peaks are observed in the range of 5-50 • , verifying that OA neither changes the monoclinic crystal structure of the DAST nor induces polymorphism. Moreover, their narrow full widths at half maximum (FWHM) and strong intensities are indicative of excellent crystallinity [19] . The values of FWHM can be further utilized to calculate the average grain sizes through the Scherrer equation [20] , by which both sizes for the DAST single crystals grown with and without the OA control were estimated to be similarly about 90 nm. It should be noted that the peak intensities of the DAST grown under the control of the OA at (002), (004), (006), and (008) face are 3.45, 1.76, 2.03, and 2.28 times greater than those of the DAST grown without the OA control, respectively (Figure 4 ). This suggests that the existence of OA during the growth progress improves the crystallinity of the DAST single crystals. The X-ray diffraction (XRD) spectra of the DAST crystals grown with and without the OA control are shown in Figure 4 . Both major peaks were detected at 10°, 20°, 30°, and 40°, corresponding to the (002), (004), (006), and (008) planes of the DAST with the monoclinic space group Cc [11, 14, 15] . No additional peaks are observed in the range of 5−50°, verifying that OA neither changes the monoclinic crystal structure of the DAST nor induces polymorphism. Moreover, their narrow full widths at half maximum (FWHM) and strong intensities are indicative of excellent crystallinity [19] . The values of FWHM can be further utilized to calculate the average grain sizes through the Scherrer equation [20] , by which both sizes for the DAST single crystals grown with and without the OA control were estimated to be similarly about 90 nm. It should be noted that the peak intensities of the DAST grown under the control of the OA at (002), (004), (006), and (008) face are 3.45, 1.76, 2.03, and 2.28 times greater than those of the DAST grown without the OA control, respectively (Figure 4 ). This suggests that the existence of OA during the growth progress improves the crystallinity of the DAST single crystals. A femtosecond pulse laser was launched into the DAST crystals grown with and without the OA control, and the resulting SHG signals were collected using a microscope and detected by a spectrometer (SP 2500i, Teledyne Acton Optics, Acton, MA, USA). The related results in Figure 5 show that strong SHG signals have been measured from both the DAST crystals, and importantly, the optical nonlinearity of the DAST crystal grown under the control of the OA is similar with that conventionally grown without the OA, consistent with the crystallography observation from the XRD measurements (Figure 4) . A femtosecond pulse laser was launched into the DAST crystals grown with and without the OA control, and the resulting SHG signals were collected using a microscope and detected by a spectrometer (SP 2500i, Teledyne Acton Optics, Acton, MA, USA). The related results in Figure 5 show that strong SHG signals have been measured from both the DAST crystals, and importantly, the optical nonlinearity of the DAST crystal grown under the control of the OA is similar with that conventionally grown without the OA, consistent with the crystallography observation from the XRD measurements ( Figure 4 ). The crystals were further characterized by UV-vis spectroscopy to investigate the influences of the OA additive on the optical properties of the as-grown DAST crystals. The absorption spectra of the DAST grown with and without the OA control are depicted in Figure 6 . The absorption spectrum of the DAST crystal grown without the OA control by the slow-cooling method as in this work exhibits some subtle differences from those previously grown by the slow solvent evaporation method [19] . This is not entirely a surprise since different growth methods lead to different absorption peaks of the products, due to different preparations, interfaces, surface conditions, and imperfections. In our work, the DAST single crystals were grown with and without the OA control by the slow-cooling method under otherwise the same conditions. Further inspection indicates that the absorption spectrum of the DAST crystal grown without the OA control changes more gently with the wavelength (Figure 6 ). In contrast, the DAST grown under the control of the OA exhibits a stronger and more clearly discernable absorption edge ( Figure 6 ). It should be noted that compared with the DAST single crystals grown without the OA control, less absorption peaks were measured from the DAST single crystals grown under the control of the OA (Figure 6 ), further indicating higher crystallinity for the latter case, as suggested by the XRD results ( Figure 4 ). According to the UV-vis measurement results (Figure 6 ), the optical absorption coefficient can be further determined from the transmittance data (Figure 7a ), using the following relation [21] : The crystals were further characterized by UV-vis spectroscopy to investigate the influences of the OA additive on the optical properties of the as-grown DAST crystals. The absorption spectra of the DAST grown with and without the OA control are depicted in Figure 6 . The absorption spectrum of the DAST crystal grown without the OA control by the slow-cooling method as in this work exhibits some subtle differences from those previously grown by the slow solvent evaporation method [19] . This is not entirely a surprise since different growth methods lead to different absorption peaks of the products, due to different preparations, interfaces, surface conditions, and imperfections. In our work, the DAST single crystals were grown with and without the OA control by the slow-cooling method under otherwise the same conditions. Further inspection indicates that the absorption spectrum of the DAST crystal grown without the OA control changes more gently with the wavelength (Figure 6 ). In contrast, the DAST grown under the control of the OA exhibits a stronger and more clearly discernable absorption edge ( Figure 6 ). It should be noted that compared with the DAST single crystals grown without the OA control, less absorption peaks were measured from the DAST single crystals grown under the control of the OA (Figure 6 ), further indicating higher crystallinity for the latter case, as suggested by the XRD results ( Figure 4) . The crystals were further characterized by UV-vis spectroscopy to investigate the influences of the OA additive on the optical properties of the as-grown DAST crystals. The absorption spectra of the DAST grown with and without the OA control are depicted in Figure 6 . The absorption spectrum of the DAST crystal grown without the OA control by the slow-cooling method as in this work exhibits some subtle differences from those previously grown by the slow solvent evaporation method [19] . This is not entirely a surprise since different growth methods lead to different absorption peaks of the products, due to different preparations, interfaces, surface conditions, and imperfections. In our work, the DAST single crystals were grown with and without the OA control by the slow-cooling method under otherwise the same conditions. Further inspection indicates that the absorption spectrum of the DAST crystal grown without the OA control changes more gently with the wavelength (Figure 6 ). In contrast, the DAST grown under the control of the OA exhibits a stronger and more clearly discernable absorption edge ( Figure 6 ). It should be noted that compared with the DAST single crystals grown without the OA control, less absorption peaks were measured from the DAST single crystals grown under the control of the OA (Figure 6 ), further indicating higher crystallinity for the latter case, as suggested by the XRD results ( Figure 4 ). According to the UV-vis measurement results (Figure 6 ), the optical absorption coefficient can be further determined from the transmittance data (Figure 7a ), using the following relation [21] :
where T is the transmittance and t is the thickness of the crystal. The optical band gaps of both the According to the UV-vis measurement results ( Figure 6 ), the optical absorption coefficient can be further determined from the transmittance data (Figure 7a ), using the following relation [21] :
where T is the transmittance and t is the thickness of the crystal. The optical band gaps of both the DAST single crystals were also estimated by the Tauc plot [22, 23] :
where α is the optical absorption coefficient, hν is the photon energy associated with the incident wavelength, A is a constant, and E g is the optical band gap. Figure 7b shows the plot of (αhν) 2 versus hν for both the DAST single crystals. The value of the Tauc optical band gap was estimated to be 2.33 eV for the DAST crystal grown without the OA control (Figure 7b ), agreeing well with those previously reported [24, 25] . It should be noted that a higher E g of 2.43 eV was measured from the DAST crystal grown under the control of the OA (Figure 7b ). According to the results reported by Mondal et al. [26] , the reduction in the slope of the linear portion of the Tauc plot suggests the introduction of defect states within the band gap, due to the coupling of an impurity band into the conduction band, thus reducing the optical band gap. According to the UV-vis measurement results, the defect density can be further semi-quantitatively investigated by a near edge absorptivity ratio (NEAR) [27] :
The smaller NEAR value suggests lower defect density in a material [27] . Further calculations about the related NEAR value in our work reveal that the NEAR of the crystal grown without the OA control was calculated to be 0.92, while a lower NEAR of 0.86 was estimated from the crystal grown under the control of the OA. This implies that the addition of the OA into the DAST solutions leads to the growth of the DAST single crystals with a wider band gap compared with those grown without the OA control, attributed to higher crystallinity and lower defect density for the former DAST crystals, as indicated by the XRD (Figure 4 ). The systematic results (Figures 2-7 ) presented in this work disclose that the DAST single crystals grown under the control of the OA exhibit larger sizes and higher crystallinity and crystal quality, thus suggesting great potential applications of the as-grown DAST crystals in nonlinear optics. 
where α is the optical absorption coefficient, hν is the photon energy associated with the incident wavelength, A is a constant, and Eg is the optical band gap. Figure 7b shows the plot of (αhν) 2 versus hν for both the DAST single crystals. The value of the Tauc optical band gap was estimated to be 2.33 eV for the DAST crystal grown without the OA control (Figure 7b ), agreeing well with those previously reported [24, 25] . It should be noted that a higher Eg of 2.43 eV was measured from the DAST crystal grown under the control of the OA (Figure 7b ). According to the results reported by Mondal et al. [26] , the reduction in the slope of the linear portion of the Tauc plot suggests the introduction of defect states within the band gap, due to the coupling of an impurity band into the conduction band, thus reducing the optical band gap. According to the UV-vis measurement results, the defect density can be further semi-quantitatively investigated by a near edge absorptivity ratio (NEAR) [27] :
Conclusions
In summary, the DAST single crystals grown with and without the control of oleic acid by the slow-cooling method were systematically investigated. Characterizations reveal that the addition of oleic acid during the growth does not induce any chemical or structural change. Unexpectedly, the DAST single crystals grown under the control of the oleic acid exhibit significantly improved crystallinity, and higher optical properties with wider optical band gap and lower defect density, as 
In summary, the DAST single crystals grown with and without the control of oleic acid by the slow-cooling method were systematically investigated. Characterizations reveal that the addition of oleic acid during the growth does not induce any chemical or structural change. Unexpectedly, the DAST single crystals grown under the control of the oleic acid exhibit significantly improved crystallinity, and higher optical properties with wider optical band gap and lower defect density, as compared to those DAST crystals grown without the oleic acid control. The valuable and systematic information presented in this work, including the related chemical structures, optical properties, and XRD and UV-vis spectral features, will be helpful for better understanding the growth and applications of DAST single crystals. Future investigations in the pursuit of larger and better DAST crystals could benefit from the findings from this approach of combining appropriate growth methods with additives. The obtained results from the as-grown high quality DAST crystals are rather encouraging for the development of the nonlinear optics and optoelectronic devices.
